Abstract: Asparagus (Asparagus officinalis L.) cultivars differ for adaptation in southern Ontario, and delayed or decreased acquisition of freezing tolerance in the fall could explain, in part, the diminished longevity observed in some germplasm. A field study was conducted to determine the relationship between LT 50 , the lethal temperature at which 50% of plants die, and physiological parameters related to freezing tolerance, in three cultivars with varying adaptation in southern Ontario: Guelph Millennium (GM) > Jersey Giant (JG) > UC 157 (UC). The experiment was replicated at two sites in one location, in each of two years. LT 50 values for GM were lower (increased freezing tolerance) than those for UC in early October; levels for JG were intermediate. In late-October and early-November, the cultivars did not differ. Increased freezing tolerance was associated with high low-molecular-weight fructan (LF), protein and proline concentrations and low sucrose concentration in the rhizome, and high sucrose and proline concentrations and low LF concentration in the storage roots. Acclimation traits were generally consistent over years and deviations may have been related to differing temperature profiles. Results indicate that winter survival of asparagus is in part determined by timely fall acclimation allowing plants to survive exposure to early frosts.
Introduction
Southern Ontario, with long cold winters, is the major production area of green asparagus (Asparagus officinalis L.) in Canada. Cultivars grown in this locale must be freezing tolerant to survive stresses during the overwintering period. Winter hardiness in this crop is complex and may involve not only the timely induction of dormancy and freezing tolerance of the overwintering crown in the fall, but also the maintenance of these traits during sub-freezing temperatures of winter and freeze-thaw cycles of spring.
Asparagus is an herbaceous perennial, where the above ground fern turns yellow and senesces in the fall, leaving the crown, consisting of storage roots attached to a rhizome with buds, to overwinter. Early fall frosts as well as late fall growth can result in freezing damage to non-senescent green fern, inhibiting the translocation of carbohydrates and nitrogen to the crown, and decreasing yields in subsequent years (Bai and Kelly 1999) . Timely fall acclimation and senescence has been associated with improved freezing tolerance not only in asparagus (Bai and Kelly 1999; Kim and Wolyn 2015; Landry and Wolyn 2011) , but also other overwintering crops such as turf grass and alfalfa (Dhont et al. 2006) .
Exposure of plants to decreasing temperatures in the fall can result in cold acclimation and the acquisition of freezing tolerance. The process is accompanied by increasing levels of many compounds with cryoprotective properties. Fructans, the primary carbohydrates in asparagus storage roots (Cairns 1992) , are membrane stabilizers (Valluru and Van den Ende 2008) . Simple or free sugars are involved in membrane protection, the scavenging of reactive oxygen species, and induction of cyroprotective proteins (Jitsuyama et al. 2002; Livingston et al. 2009 ). Proline can scavenge free radicals and stabilize proteins (Zhang et al. 2006) . Protein levels also increase with acclimation (Herman et al. 2006; Zhang and Ervin 2008) as expression of coldregulated and antifreeze proteins and antioxidant enzymes are induced (Zhang and Ervin 2008) . Tissue dehydration and increased osmotic potential also enhance freezing tolerance by limiting available water for ice formation (Guy 2003; Reyes-Diaz et al. 2006) .
Asparagus cultivars Guelph Millennium (GM), Jersey Giant (JG) and UC157 (UC) show high, moderate, and low adaptation in southern Ontario, respectively (D.J. Wolyn, unpublished data). GM was bred in the region and has high yields and longevity. JG, bred in New Jersey, has high yields in early years of production but declines thereafter. UC, bred in California, dies after three to four years. The varying adaptation to southern Ontario may be related to levels of winter hardiness.
The early field senescence of GM compared to JG, where fern can remain green until a killing frost, suggested that JG may not be acclimating properly and acquiring freezing tolerance (Landry and Wolyn 2011) . Cultivars differed for levels of metabolites involved in freezing tolerance in rhizomes and storage roots beginning in October. More cultivar differences occurred in rhizomes than storage roots, suggesting the biochemistry and physiology of the rhizome may be most critical for freezing tolerance and the two organs should be considered separately in studies of winter hardiness.
The study of Landry and Wolyn (2011) did not estimate LT 50 values for cultivars based on freezing of intact crowns and regrowth of rhizome buds. Therefore, the importance of certain metabolites for freezing tolerance in asparagus remains speculative. In addition, a cultivar with very low adaptation to Ontario, UC, was also not assessed but could further validated metabolite differences in relation to adaption and winter hardiness. Cold acclimation of asparagus seedlings in controlled environments distinguished cultivars base on LT 50 values; freezing tolerance was GM > JG > UC, consistent with field adaption, and many metabolic parameters were correlated with the response (Kim and Wolyn 2015) . The objectives of this study were to assess LT 50 based on crown survivorship, and rhizome and storage root metabolic parameters of GM, JG, and UC during fall acclimation under field conditions, in order to understand how the acquisition of freezing tolerance can affect winter hardiness and adaptation.
Materials and Methods

Experimental design
A split-plot design was used in the field where four sampling dates represented whole-plots and three cultivars were sub-plots. Replicate experiments were planted in 2010 and 2011 at each of two sites at the Simcoe Research Station, Simcoe Ontario (Lat. 42°51′ N; Long. 80°16′W, elevation 240.5 m). At each site, where soil was a Brookton sandy clay loam or a Renton sandy loam, two and four replicated blocks were planted in 2010 and 2011, respectively.
Plant establishment
Seeds of cultivars JG and UC were obtained from Jersey Asparagus Farms, Pittsgrove, New Jersey, and those for GM were obtained from the Ontario Asparagus Growers Marketing Board, Simcoe, Ontario. Cultivars are full-sib families derived by crossing two heterozygous parents. Seeds were sown into 288-cell plug trays with potting mix (Sunshine LC 4, Sun Gro Horticulture Canada, Seba Beach, Alberta, Canada) on 1 Mar. 2010 and 19 Mar. 2011. Seedlings were transplanted to 50-cell plug trays containing potting mix (Sunshine LC 1, Sun Gro Horticulture Canada, Seba Beach, Alberta, Canada) after 3 weeks, fertilized weekly with 20N-3.5P-16.6 
Field sampling
For the trial planted in 2010, the main-plots were sampled in the fall of 2011 on 4 Oct., 18 Oct., 4 Nov., and 16 Nov., while the trial planted in 2011 was harvested in 2012 on 1 Oct., 17 Oct., 31 Oct., and 12 Nov. On each sampling date, crowns were dug from plots, cleaned of soil and stored in burlap bags at 4°C until further processing. In the fall of 2011, 10 crowns were chosen randomly from each plot; five were used to determine percent water content according to Tanino et al. (1990) . For the remaining five crowns, rhizomes and 25 cm segments of storage roots closest to the rhizome were separated. Bud scales and epidermal tissues were removed from the rhizome, and tissue from each organ was bulked, frozen in liquid nitrogen and stored at −80°C (model 923, Forma Scientific; Marretta, OH), until lyophilisation (FreeZone 4.5 L Freeze Dry System, Model 77510, LABCONCO; Kansas City, Missouri). Rhizomes and storage roots were ground separately with a Waring blender, into a fine powder that could pass through a 60-mesh sieve. Powder was stored at −80°C (model 923, Forma Scientific; Marretta, OH) until further use. In the fall of 2012, 35 crowns were dug from each plot on each sampling date. Ten plants were processed as above and 25 were used for LT 50 assessment.
LT50
Twenty-five crowns from each plot on each sampling date were trimmed such that storage roots were 20 cm in length, and planted individually into pots (17 × 22 cm) with bark mix (70% aged pine bark fines, 25% peat moss, 5% compost; ASB Greenworld Ltd. Mount Elgin, ON) to simulate soil conditions and facilitate ice nucleation. Potted crowns were watered thoroughly and stored at 4°C for 12 h. From each field replicate of the three cultivars, five random pots were distributed randomly into each of four chest freezers (20 pots per cultivar per freezer) and the five remaining pots served as controls. Pots in the chest freezers were chilled at 4°C for 12 h then at 0, −4, −8, −12, and −16°C each for 14 h. Temperature transitions were achieved at a rate of 2°C h −1 . After each temperature treatment five random pots per cultivar were removed from each freezer. Control and frozen pots were stored at 4°C for four weeks to release dormancy for growth assessment, then placed randomly in the greenhouse and grown for three weeks at 20/15°C (day/night) with a 14 h photoperiod provided by high pressure sodium bulbs. Percentage survival was assessed to estimate LT 50 values.
Metabolite analysis
Fructan and simple carbohydrate (sucrose, raffinose, and glucose) concentrations were estimated spectrophotometrically (Beckman, model DU-64, Fullerton, CA) using commercial analysis kits (K-FRUC and K-RAFGL; Megazyme International Ireland, Bray, Ireland) according to Landry and Wolyn (2011) with one modification. For the extraction of simple carbohydrates, tissue samples were incubated with 5 mL of 95% (v/v) ethanol to inactivate endogenous enzymes. Free proline was quantified using acid ninhydrin as described (Landry and Wolyn 2011) .
To determine protein concentrations, freeze-dried tissues (100 mg) were homogenized in 1 mL of chilled 0.1 mM Tris-hydrochloric acid (HCl) buffer (pH 7.5). The homogenate was centrifuged at 12,000g for 20 min at 4°C. The total protein concentration of the homogenate was determined spectrophotometrically according to Bradford (1976) with bovine serum albumin (BSA) as the standard.
Statistical analysis
Analysis of residuals to determine normality was conducted with PROC UNIVARIATE (SAS Version 9.3; SAS Institute 2004), and no transformations were necessary except for rhizome raffinose concentration, where the square root was used. Data were back-transformed for presentation. Storage root raffinose data were not analyzed due to inconsistencies and near-zero values.
Restricted maximum likelihood (REML) covariance parameter estimates were performed on physiological and metabolite parameters using PROC MIXED (SAS Version 9.3). Means were separated using Tukey's honestly significant difference (P ≤ 0.05). Pearson correlation coefficients were calculated between LT 50 and physiological and metabolite parameters using PROC CORR. LT 50 was estimated using PROC PROBIT as specified for quantitative data sets.
Results
Statistical analysis
The random effects of locations within years and its interaction with the fixed effects of cultivar, sampling date and cultivar × sampling date interaction were not significant for all parameters, therefore data were pooled over locations within years. The effect of year and its interactions with fixed effects were significant for all parameters except LT 50 which was measured in independent experiments over two locations only in one year. For all variables measured over two years, data were analyzed separately for each year. The significance of fixed effects and their interaction are summarized in Table 1 .
Environmental conditions
Air temperatures varied more than soil temperatures in both years of the experiment (Fig. 1) . Minimum values for air in September and early to mid-October 2011 were generally higher than those in 2012 ( Fig. 1A and B) and a similar pattern was observed for soil ( Fig. 1C and D) . During these periods, air was generally 5°C cooler than soil. Late October, however, was cooler in 2011 than 2012. Throughout September 2012, minimum air temperatures fluctuated from 5 to 12°C while soil temperatures decreased from 20 to 10°C with small weekly fluctuations ( Fig. 1B and D) .
LT50
Freezing tolerance expressed as LT 50 increased in all cultivars from 1 Oct. to 12 Nov. (Fig. 2) , as soil temperature declined in 2012 (Fig. 1) . GM had lower LT 50 values than UC on 1 Oct. and 17 Oct., however, cultivars did not differ on 31 Oct. and 12 Nov. JG did not differ from GM or UC on any sampling date but values were intermediate on the first two sampling dates.
Water percentage
Water percentage of both rhizomes and storage roots decreased over the sampling period in both years (Fig. 3 ). GM and UC did not differ for rhizome water Fig. 2 . LT 50 values of asparagus crowns for three cultivars sampled in the fall of 2012. Vertical error bars represent the standard error of the mean at each sampling date (n = 8). Letters indicate significant differences determined by Tukey's honestly significant difference (P ≤ 0.05). Letters indicate significant differences determined by Tukey's honestly significant difference (P ≤ 0.05). (Fig. 3A) ; however, they differed on all dates in 2012 (Fig. 3B) , when values for GM were lower than those for UC. JG did not differ from GM and UC in 2011, but had significantly greater rhizome percent water than GM on most sampling dates in 2012. For storage root water percentage, values for GM were lower than those for UC only on the third and fourth sampling dates in 2011 (Fig. 3C) ; JG differed only from UC on the final sampling date. In 2012, cultivars did not differ at any time (Fig. 3D) .
Sampling date
Fructans
HF concentrations for JG and UC rhizome tissues were higher than those of GM during November sampling dates in 2011 and 2012 ( Fig. 4A and B ). This coincided with the distinct decline in rhizome HF of GM late in the season, which did not occur for JG and UC. Storage root HF concentrations increased for all cultivars over the sampling periods in both years ( Fig. 4C and D) . In 2011, GM accumulated storage root HF earlier than JG or UC, however, cultivars did not differ at the end of the acclimation period; compare 4 Nov. with 16 Nov. (Fig. 4C) . In 2012, both GM and JG did not differ for storage root HF but had higher concentrations than UC in late-October and early-November (Fig. 4D) .
Rhizome and storage root LF concentrations increased and decreased, respectively, for all cultivars across sampling dates in both years (Fig. 5) . Rhizome LF concentrations for GM were greater than those of UC at most sampling dates in both years ( Fig. 5A and B) . For JG, concentrations were variable, differing from GM or UC on some dates. Unlike the rhizome, storage root LF concentrations decreased during the sampling periods in both years ( Fig. 5C and D) . In 2011, storage root LF was reduced earlier in GM than the other cultivars; compare 4 Nov. and 16 Nov. At the end of the season, the concentration for GM was lower than that of UC but not JG. Storage root LF concentrations were similar for GM and JG but significantly lower than those of UC for most of the sampling period in 2012, including the final date in November. Rhizome and storage root sucrose concentrations decreased and increased, respectively, for all cultivars from the first to final sampling dates in both years (Fig. 6) . Values for GM were generally lower and higher in rhizomes and storage roots, respectively, than those for UC over the sampling periods in both 2011 and 2012; concentrations for JG were similar to those of UC except for storage roots in 2012 when they differed on most sampling dates. In 2011, rhizome and storage root sucrose concentrations of GM reached their minimum and maximum levels, respectively, at the third sampling date while values continued to change from the third to fourth sampling dates for the other cultivars ( Fig. 6A and C). Concentrations decreased and increased, respectively, for all cultivars from the third to the fourth sampling dates in 2012 ( Fig. 6B and D) .
Raffinose
Rhizome raffinose concentrations decreased in both years during fall acclimation (Fig. 7) . Cultivars differed on the second and third and third and fourth sampling dates in 2011 and 2012, respectively. Where differences occurred, values for GM were lower than those for UC.
Glucose
Rhizome glucose concentrations increased for all cultivars over sampling dates in both years ( Fig. 8A and B) . Storage root glucose concentrations decreased in all cultivars over sampling dates in 2012, and for some cultivars in 2011 ( Fig. 8C and D) . GM had greater rhizome glucose concentrations than JG or UC at the latter two sampling dates in both years and concentrations for UC were lower than those for JG only in 2012. Storage root glucose concentrations decreased in all cultivars from mid-October to mid-November but did not differ among cultivars on most dates over the two years ( Fig. 8C  and D) .
Proline
Storage root and rhizome proline concentrations increased over sampling dates in both years (Fig. 9) . Proline concentrations of GM were greater than those for UC in rhizomes at the two November sampling dates (Fig. 9A) , and in storage roots at the final November sampling date in 2011 (Fig. 9C) . GM had greater rhizome proline concentrations than UC over all sampling dates in 2012 (Fig. 9B) ; for storage roots GM had greater proline concentrations than UC only for the first three sampling dates (Fig. 9D) . Concentrations for JG varied; on some sampling dates in either organ JG was similar to GM and at other times it was similar to UC. In general, GM and JG had higher rhizome proline concentrations than UC.
Protein
Protein concentrations increased in all cultivars over the sampling periods in both organs in 2011 and 2012 (Fig. 10) . GM accumulated higher rhizome and storage root protein concentrations than UC on most sampling dates in both years. Protein concentrations for JG varied; on some sampling dates in either organ JG was similar to GM and at other times it was similar to UC.
Correlations
For the two sampling dates where LT 50 differed among cultivars, low values (high freezing tolerance) were associated with high concentrations of rhizome LF, proline and protein, and storage root proline and sucrose (Table 2 ). Low concentrations of rhizome sucrose and storage root LF were also associated with the trait. Water percentage was associated with LT 50 only for the 1 Oct. sampling date.
Discussion
Distinct patterns of fall acclimation were observed among three asparagus cultivars with varying adaptation to southern Ontario. GM, UC and JG, had the lowest, highest and intermediate LT 50 levels, respectively, in early and mid-October, consistent with their levels of adaptation to the area: GM > JG > UC. Cultivars did not differ in late-October and early-November, when subfreezing temperatures are common. Increased freezing tolerance was associated with high LF, protein and proline and low sucrose concentrations of the rhizome, and high sucrose and proline and low LF concentrations in the storage roots. Over two years, similar patterns of changing metabolite levels were observed during fall acclimation, although late-and early-season cultivar differences were exacerbated in 2011 and 2012, respectively, potentially as a result of decreased temperatures during or prior to the sampling periods.
LT 50 values decreased for all cultivars over the fall sampling period, thus all were responsive to fall acclimation and the induction of freezing tolerance. Since values for GM were lower than those for UC on the first two sampling dates in early-and mid-October, GM may acclimate at warmer temperatures and/or longer photoperiods than UC. On 31 Oct., however, the cultivars did not differ for LT 50 and UC attained the same level of freezing tolerance as GM four weeks earlier. The detection of differences among cultivars for LT 50 values early, but not late, in the fall, suggests the ability to withstand early autumn freezing events may contribute to winter hardiness and survivorship. In winter wheat and alfalfa the most winter-hardy cultivars showed physiological and metabolic changes earlier than those with low hardiness levels (Fowler et al. 1981; Gusta et al. 1997; Schwab et al. 1996; Yoshida et al. 1997) .
A previous study with GM and JG, where crowns were sampled from mid-August to mid-November, indicated the two cultivars were similar for most metabolites prior to 1 Oct., but could be distinguished thereafter (Landry and Wolyn 2011) . In this experiment, cultivars differed for LT 50 and most metabolites on the first sampling date in early-October 2012, however, they did not differ for many metabolites when plants were sampled in earlyOctober 2011, suggesting different acclimation signals were perceived during September of the two years. The consistently cooler minimum air temperatures in 2012 compared to 2011 could have been perceived by fern to accelerate acclimation. Although minimum soil temperatures decreased from approximately 20 to 10°C during September of both years, values were consistently lower in 2012 than 2011 and could have also affected the induction of freezing tolerance. The cryoprotective properties of LF, proline and certain proteins may be contributing to rhizome freezing tolerance where concentrations increased with acclimation and values for GM were generally greater than those for UC. The loss of LF during fall acclimation in storage roots may be resulting from conversion to HF, the major form in which carbohydrates are stored in the overwintering crown (Cairns 1992 ). Cultivars did not differ for storage root HF on the first two sampling dates when LT 50 values varied; however proline and sucrose concentrations varied among cultivars and were correlated with freezing tolerance. Interestingly, HF in storage roots and other metabolites in both rhizomes and storage varied among cultivars at the latter two sampling dates when LT 50 values were similar. Some compounds could have a threshold for increasing freezing tolerance such that values above or below certain levels do not result in changes to LT 50 .
In the spring, patterns of deacclimation for the three cultivars were associated with observations in the fall (Panjtandoust and Wolyn 2016) . At the beginning of the spring sampling periods, cultivars did not differ for LT 50 , but values for some metabolites did vary. As time progressed, UC lost freezing tolerance while LT 50 values for GM did not change and cultivar differences were detected. Consequently, UC acquired and lost freezing tolerance later and earlier than GM in the fall and spring, respectively. The differing adaptation of UC and GM may result from UC having a lower minimum temperature to acclimate and deacclimate than GM, making it more susceptible to early fall frosts and late-spring freezing-thaw cycles. JG had intermediate freezing tolerance during early fall acclimation and late spring deacclimation, likely contributing to its moderate adaptation to southern Ontario. The differing patterns among cultivars for fall acclimation and spring deacclimation are consistent with observations in winter cereals (Sãulescu and Braun 2001) , bluegrass and bentgrass (Hoffman et al. 2014) , and magnolia (Yang et al. 2015) .
Observation of crowns in this experiment for visual indicators of freezing damage such as water-soaked appearance indicated the rhizome and buds could be most affected by freezing. Previously, estimates of LT 50 based on electrolyte leakage of storage roots indicated GM and JG did not differ at any sampling date and values of -20°C were observed for roots collected from the field late in the fall (Landry and Wolyn 2011) . This value is lower than those estimated here, -6.5 and -9°C for JG and GM, respectively, where crowns were frozen in mid-November and regrowth estimated. The observed concentrations of HF in storage roots, greater than 400 mg g −1 DW for the three cultivars, compared to approximately 250 mg g −1 DW of LF in the rhizomes, may be imparting freezing tolerance on the storage roots of all cultivars through low osmotic potential and percentage water to inhibit ice crystallization, in addition to the cryoprotective ability of HF.
Sucrose can have two functions related to winter hardiness. The compound has cryoprotective properties, preventing structural changes to proteins (Vagujfalvi et al. 1999) , but is also a metabolic indicator of sprouting in the rhizome, where increased concentrations indicate dehardening and growth (Pressman et al. 1993 ). In the rhizome, sucrose decreased with acclimation and GM had the lowest levels, supporting the development of acclimation and dormancy and the use of this parameter for predicting freezing tolerance.
Similar patterns of changing metabolite levels during fall acclimation were observed over the two years of the experiment. UC and GM had the highest or lowest levels of many compounds, consistent with their adaptation and measured levels of freezing tolerance in this and other experiments assessing acclimation (Kim and Wolyn 2015; Landry and Wolyn 2012) . Values for JG were often intermediate to those of UC and GM or fluctuated, being similar to GM or UC on different sampling dates within and between years. Comparison of soil temperature profiles indicated late-October was cooler in 2011 than 2012. Low temperatures appeared to exacerbate changes in metabolites, especially for GM that would predictably increase freezing tolerance. In the rhizome, water percentage and concentrations of HF and sucrose decreased and those for LF, proline and protein increased. For storage roots, percent water, and concentrations of LF decreased and sucrose and protein increased. September was cooler in 2012 than 2011; for many parameters, significant cultivar differences were observed for the early-October sampling date in 2012 but not 2011, suggesting that the low temperature triggered an increased acclimation response. Changes in metabolites in response to temperature were also observed during asparagus spring dehardening (Panjtandoust and Wolyn 2016) .
In summary, cultivars with varying adaptation to southern Ontario differed for freezing tolerance early in the fall; the most adapted cultivar, GM, had the lowest LT 50 values. Many parameters associated with freezing tolerance differed among cultivars as predicted based on adaptation. From this and other work, winter hardiness in asparagus may be associated with early acclimation and acquisition of freezing tolerance in the fall and Correlations were estimated for the two sampling dates when cultivars differed for LT 50 and with parameters also differing on these dates.
*, ** Significant for P ≤ 0.05, P ≤ 0.01, respectively; NS, non-significant.
late deacclimation and deharding in the spring such that the most adapted cultivars can tolerate early and late freezing events, respectively.
